Disagreements about the phenotype of estrogen receptor β (ERβ) knockout mouse, created by removing the DNA-binding domain of the ERβ gene or interruption of the gene with a neocassette (Oliver Smithies ERβ knockout mice [ERβ OS−/− ]), prompted us to create an ERβ knockout mouse by deleting the ERβ gene with the use of CRISPR/Cas9 technology. We confirmed that the ERβ gene was eliminated from the mouse genome and that no ERβ mRNA or protein was detectable in tissues of this mouse. Overall the phenotype of the ventral prostate (VP) and mammary gland (MG) in ERβ crispr−/− mice was similar to, but more severe than, that in the ERβ OS−/− mice. In the VP of 6-mo-old ERβ crispr−/− mice there was epithelial hyperplasia, fibroplasia, inflammation, stromal overgrowth, and intraductal cancer-like lesions. This was accompanied by an increase in Ki67 and P63 and loss in DACH1 and PURα, two androgen receptor (AR) repressors. In the MG there was overexpression of estrogen receptor α and progesterone receptor, loss of collagen, increase in proliferation and expression of metalloproteases, and invasive epithelium. Surprisingly, by 18 mo of age, the number of hyperplastic foci was reduced, the ducts of the VP and MG became atrophic, and, in the VP, there was massive immune infiltration and massive desquamation of the luminal epithelial cells. These changes were coincident with reduced levels of androgens in males and estrogens in females. We conclude that ERβ is a tumor suppressor gene in the VP and MG where its loss increases the activity AR and ERα, respectively. CRISPR | fibroplasia | chemokine S ince its discovery in 1996 (1), the physiological role of ERβ
has been under intense scrutiny. Some aspects of ERβ signaling, which raised questions about whether it has a physiological function, are its weak affinity estrogen response elements (ERE), its lack of effect on the pituitary and uterus, and disagreements over the phenotype of the knockout mice, which were created in different laboratories (2) (3) (4) (5) (6) . In addition, the use of less than optimal antibodies has resulted in some erroneous conclusions about localization of ERβ (7) .
We now know that ERβ exerts most of it effects through tethering to other transcription factors and not by binding to ERE (8, 9) and, except for reduced ovulation, the removal of the DNA-binding domain (DBD) had little effect on the physiological functions of ERβ (2, 5) . All laboratories studying ERβ knockout mice agreed that ovulation was severely compromised whether the gene was interrupted by a neocassette (ERβ OS−/− ) or the DBD was removed. Thus, there is a clear role for ERβ in ovulation. This role is likely due to effects of ERβ on gonadotropin-releasing hormone (GnRH) signaling (6) and not to change in the ovary itself (10, 11) . Without the GnRH release at mid cycle, there would be no luteinizing hormone (LH) surge and no ovulation. What this means is that ERβ is essential for survival of the species because without it female reproduction would be severely compromised. The lack of ERβ expression in the pituitary and uterus is now considered advantageous because ERβ agonists may be used in men and women without causing chemical castration or uterine growth.
Although ERβ was originally cloned from a prostate cDNA library, the most controversial issue in the different ERβ ko mice is whether there is a phenotype in the ventral prostate (VP) (2, 12) . Comparison of the transcripts (by RNA sequencing) of wildtype (WT) and ERβ OS− /− mouse VP showed that genes involved in prostate cancer (PCa) were increased upon inactivation of ERβ (5) . Despite its regulation of genes associated with PCa, ERβ OS−/− mice do not develop PCa. Mak et al. have suggested that in PCa, the event causing malignancy has already occurred before loss of ERβ. Thus, ERβ loss contributes to the progress of PCa but loss of ERβ itself does not cause malignancy (13) .
From a clinical perspective, the possibility that ERβ opposes the action of the androgen receptor (AR) suggests a novel approach to treatment of PCa, which is an androgen receptor-driven disease. Very effective ERβ agonists have been synthesized (14, 15) and found to be very safe drugs (16) .
In the mammary gland (MG) of ERβ OS−/− mice, the epithelium was not fully differentiated (17) : Levels of the adhesion molecules, E-cadherin, connexin 32, occludin, and integrin α were reduced and no zonula occludens was detectable. In the present study of the ERβ crispr−/− mouse MG, there was overexpression of ERα and invasive epithelium. The MG and VP of ERβ crispr−/− mice have confirmed a key role for ERβ in controlling growth and differentiation of the epithelium of both of these organs.
Results
Loss of ERβ Transcripts in the ERβ crispr−/− Mice. A mouse line with a constitutive knock-out of the ERβ gene was made using CRISPR/ Cas9-mediated gene editing ( Fig. 1A ). All 10 exons of the ERβ
Significance
The discovery of ERβ caused a new optimism for understanding and treatment of prostate cancer. However, over the past 20 y, many mistakes have been made in studies trying to define the physiological functions of ERβ. One of the bigger problems has been producing a good ERβ knockout mouse. Deletion of the DNA-binding domain of ERβ did not produce a knockout of ERβ function because most functions of ERβ do not rely on DNA binding of the receptor. We have now deleted the entire ERβ gene from the mouse genome and report that ERβ regulates growth and differentiation of the ventral prostate and mammary gland. gene were deleted by using two single guide RNA (sgRNA) that bind 1.3 kb upstream of exon 1 and 0.6 kb downstream of exon 10, respectively. These sgRNAs caused a 59-kb deletion, including all ERβ exons and the proximal promoter, after CAS9-mediated genome editing in zygotes. The sgRNAs used were selected for a low number of predicted off-targets, and the founder mice have been backcrossed three times to further reduce the risk of off-target mutations.
qRT-PCR and immunohistochemistry confirmed that there was a complete loss of the ERβ RNA in the ovaries of the mouse (Fig. 1B) and a complete loss of the ERβ protein from the mammary gland and ventral prostate ( Fig. 1 C-F).
Epithelial Hyperplasia and Intraductal Cancer-Like Lesions in ERβ crispr−/−
Mouse. At 6 mo of age, in the ERβ crispr−/− mouse, many foci of epithelial hyperplasia ( Fig. 2 C and D) and intraductal cancer-like lesions ( Fig. 2 E and F) were found. Epithelial cell polarization was lost. At this age the number of cells expressing the proliferation marker (Ki67) ( Fig. 3 A, C, and E) and the basal cell marker (P63) ( Fig. 3 B, D, and F) was markedly increased. There was a decrease in the expression of DACH1 (the androgen receptor repressor) and an increase in RORc (the driver of AR) (SI Appendix, Fig. S1 ). Epithelial hyperplasia was also found in 13-mo-old ERβ crispr−/− mouse VP ( Fig Immune Cell Invasion in ERβ crispr−/− Mouse. Mild immune cell invasion was found in 18-mo-old WT mouse VP ( Fig. 5 A and B) . In some ducts, the desquamation was so severe that it resembled those of men undergoing androgen deprivation therapy (ADT) (18) .
To understand the marked change in the VP with age, we measured androgen levels in males and estrogen levels in females in mice of 7, 13, and 18 mo of age. Serum levels of estradiol and androgen were measured in a single run by gas chromatographytandem mass spectrometry (GC-MS/MS). We found a marked reduction in testosterone levels in both WT (2,948 ± 2,158 pg/mL) and ERβ −/− mice (3,316 ± 2,025 pg/mL) in 18-mo-old mice. In young intact males T levels are 8,235 ± 1,055 pg/mL. It therefore appears that, with age, both WT and ERβ crispr−/− become androgen-deficient, and this leads to loss of androgen-induced prostatic hyperplasia.
In order to confirm that the reduced levels of androgen did have consequences on androgen signaling, expression of prostatic acid phosphatase (PAP) and probasin, two AR regulated genes, was examined in 8-mo-old and 18-mo-old ERβ crispr −/− mouse. PAP and probasin were both higher in 8-mo-old ERβ crispr −/− mouse than in their WT littermates, indicating an increase in androgen signaling (SI Appendix, Fig. S3 A-D). However, PAP and probasin were sharply decreased in 18-mo-old ERβ crispr−/− and WT mice. (SI Appendix, Fig. S3 E-H). These results confirm that there is an increased AR signaling in young ERβ crispr−/− mice but a loss of AR signaling in aging ERβ crispr−/− and WT mouse VP.
Microarray Analysis of the VP. We compared the gene expression profile in the VP of 13-mo-old WT and ERβ crispr−/− mice. There was an overwhelming predominance of immune genes in the ERβ crispr−/− VP. These were mostly Ig kappa chains. When these genes were filtered out, we were left with a set of genes (Table  1) , several of which have been previously shown to be ERβ regulated (19) .
One More ERβ-Regulated Gene Involved in Repression of Androgen
Signaling. PURα (purine response binding transcriptional suppressor) is a novel suppressor of AR. It binds to purine response elements in the AR promoter and inhibits AR transcriptional activity (20, 21) . PURα is a key repressor of AR transcription and its loss from the transcriptional repressor complex causes AR overexpression and progression of PCa to androgen-independent PCa. We found that PURα is an ERβ-induced gene. Its expression level is increased by ERβ agonists in 2-mo-old ( Fig. 7 A, D, and G) and 6-mo-old WT mice ( Fig. 7 B, E, and H) and decreased in ERβ crispr−/− mice ( Fig. 7 C, F, and I). PURα can be added to the list of ERβ-regulated genes that control AR signaling.
Phenotype of the MG in ERβ crispr−/− Mouse. In the MG of ERβ crispr−/− mice, expression of ERα, PR, and Ki67 was higher than in WT mice ( Fig. 8 A-F and J-L). There were lesions where proliferating epithelial cells invaded the stroma with no ductal structure ( Fig. 8 G-I) and a complete lack of fibroblasts and collagen ( Fig. 9 C and F) . In the ERβ crispr−/− mouse MG, there was obvious epithelial hyperplasia (Fig. 9B ). The collagen layer in the ducts was reduced, and what was left appeared to be fragmented (Fig. 8E ). This destruction of collagen was correlated with an increase in the level of MMPs in the mammary gland ( Fig. 9 H-S) .
As was the case in the prostate, the severe phenotype seen in the 6-mo-old mice was not evident in 18-mo-old mice. At this age the mammary ducts were atrophic, the ovary was devoid of follicles (SI Appendix, Fig. S4 ), and serum estradiol was below the level of detection.
Discussion
The present study has confirmed a key role for ERβ in controlling growth of the epithelium of the MG and VP. In both organs, ERβ represses the expression and transcriptional activity of the hormone which drives proliferation: In the VP, it opposes AR signaling and, in the MG, ERα expression and signaling. Along with reducing proliferation, ERβ regulates invasiveness of the epithelium by stimulating degradation of collagen and the extracellular matrix. In the MG these proteases are MMP9, 13, and 14. In the VP expression of the protease inhibitor WAP, four-disulfide core domain 3 (a secreted serine-type endopeptidase) was markedly decreased. This gene, which has previously been identified as an ERβ-regulated gene (19) , is secreted from prostate smooth muscle cells and functions as a growth inhibitor in the prostate (22) . There was no invasive cancer in ERβ crispr−/− mice. In fact, once the driving hormones were reduced in aging mice, the epithelial hyperplasia of both the VP and MG was reduced. Thus, in mice, ERβ is a tumor suppressor gene whose loss increases signaling of AR and ERα but does not lead to invasive cancer. With age, as the levels of the driving hormones estradiol and androgen are decreased due to ovarian and testicular failure, there is less epithelial hyperplasia but the fibroplasia remains.
Fibroplasia is reactive stroma usually found in prostates with PCa. Barron promoter and found lesions similar to those described here in the ERβ crispr−/− mice (23) . The fibroplasia caused by overexpression of TGFβ in the prostate was characterized by inflammation of the nerves and vessels, collapsed acini, breach of epithelial wall, and falloff of the epithelial cells into the ducts. The fibroplasia in the ERβ crispr−/− mice sometimes filled the ducts blocking movement of secretions and causing enormously distended ducts. We have previously shown that ERβ regulates the inhibin wing of TGFβ signaling and, in the absence of ERβ, there is unrestrained activation of the activating wing of the TGF signaling pathway. In aging ERβ OS−/− mice this led to granulosa cell tumors (24) . Remarkably, the fibroplasia and stromal overgrowth were not dependent upon androgen signaling since they remained when androgen signaling was down-regulated in the 18-mo-old ERβ crispr−/− mice. Inflammation plays a key role in growth, invasiveness, and metastasis of PCa (25) and, as PCa progresses, NFκB promotes tumor invasion and metastasis (9) . ERβ is a repressor of the master regulator of the immune system (26) and the main mediator of inflammation NFκB (27) . Inflammation in the ERβ −/− mouse was reported very early as a marked phenotype in the characterization of the ER OS−/− mouse prostate (6) .
Although one cannot extrapolate from mice to humans, particularly in terms of regulation of gene expression, several clinical studies have shown that ERβ is reduced in early stages of PCa and reemerges in metastatic PCa (28) (29) (30) (31) (32) . The clinical implication of the mouse findings is that ERβ agonists may be used in prevention of progression of PCa of low Gleason Grade to higher grades. However, since expression of ERβ is lost as PCa progresses above Gleason grade 3+3 (13, 30) , ERβ agonists should be most effective in early stages of PCa. Men with cancers at or below a Gleason grade 3+3 are not treated with pharmaceuticals but are carefully monitored for signs of progression to higher grades. When cancers are driven by hormones, the standard clinical treatment approach is blocking the action of the hormone with hormone antagonists. Although very effective in the short term, what can emerge from this treatment is a cancer that proliferates in the absence of hormones (33) . One of the mechanisms through which this hormone resistance occurs is emergence of cells in which the receptor is mutated and no longer needs hormones for activation (33, 34) . If instead of a receptor antagonist, patients are given an ERβ agonist, expression and transcriptional activity of the receptor will be repressed whether the affinity of the receptor is activated by hormones. The site of action of ERβ agonists is at the promoter of the AR, not at its ligand binding domain. Thus, ERβ agonists offer a truly alternative approach to present pharmaceuticals that require binding to the ligand binding pocket of the receptor.
If ERβ reemerges in metastatic PCa as has been reported (29, 35) , then ERβ agonists should be of use in treatment of CRPCa. The situation in breast cancer is different. In metastatic breast cancer, there is expression of ERα mutants (36, 37) , which can make the cancer resistant to ERα antagonists. Since there is no ERα expressed in triple-negative breast cancer (TNBC), it is not yet known what the target of ERβ is, nor is it known whether ERβ is a driver of cancer in TNBC. In vitro studies with TNBC cell lines have shown that ERβ prevents invasiveness but does not affect proliferation (38) (39) (40) . Studies with TNBC cell lines showed that ERβ can affect invasiveness by secretion of cystatins (41) and can increase innate immunity (42) .
If in humans, ERβ agonists affect stromal, endothelial, and immune cells to alter the environment, prevent invasiveness, and increase activity of the immune system, they could be very useful clinically in treatment of PCa and TNBC. What remains to be done is to knock in ERβ in specific cells in the ERβ crispr−/− mouse so that the ERβ-target cells in the VP and MG can be precisely defined.
Materials and Methods
Materials, Animals, and Tissue Preparations. In this study, 6-mo, 8-mo, 10-mo, 13-mo, and 18-mo-old ERβ crispr−/− and age-matched WT male and female mice, C57BL/6 WT mice were used for experiments. The ERβ agonist, LY3201, (3aS, 4R, 9bR)-2, 2-difluoro-4-(4-hydroxyphenyl)-3, 3a, 4, 9b-tetrahydro-1 Hcyclopenta[c] chromen-8-ol (CAS 787621-78-7), was a gift from Eli Lilly. The mouse studies were approved by the Stockholm South ethical review board and the local Animal Experimentation Ethics Committee for animal experimentation (University of Houston animal protocol 09-036). All experimental protocols were adhered to the NIH Guidelines for the Care and Use of Laboratory Animals (43) . Effort was made to minimize the number of animals used and their suffering. LY3201 treatment was similar to what we reported previously (19) . Briefly, 10 2-mo-old and 10 6-mo-old C57BL/6 male mice were divided randomly into the following two groups: (i) treated with vehicle (n = 5) and (ii) treated with LY3201 (n = 5). LY3201 was used as pellets (0.04 mg/d), which were made by Innovative Research of America and implanted on the lateral side of the neck between the ear and the shoulder. The mice were treated by inserting pellets (vehicle or LY3201) 7 d before killing. Mice were housed in a room of standard temperature (22 ± 1°C) with a regular 12-h light, 12-h dark cycle and given free access to water. All mice were terminally anesthetized by CO 2 and transcardially perfused with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (in 0.1 M PBS, pH 7.4). Prostates and mammary glands were dissected and postfixed in the same fixative overnight at 4°C. After fixation, tissues were processed for paraffin sections (5 μm).
qPCR. Ovaries were freshly collected and DNA was extracted by using DNEasy kit reagent according to the manufacturer's protocol. cDNA was generated from 1 μg of total RNA by using GeneAmp RNA PCR reagents (PerkinElmer) with random hexamers according to the manufacturer's protocol in a final volume of 25 μL. PCR was done with high-fidelity Taq DNA polymerase (Fermentas) with the following primers: (5′-GCCAATCATCGCTTCTCTAT-3′ and 5′-CCCTCTTTGCTCTTACTGTCCTCT-3′).
Immunohistochemistry. The immunohistochemistry protocol was the same as was reported previously (19) . Slides with 5-μm paraffin-embedded sections were dewaxed in xylene, rehydrated, and processed for antigen retrieval with 10 mM citrate buffer (pH 6.0) in a Lab Vision PT module (Thermo Scientific). The cooled sections were incubated in a buffer composed of 50% (vol/vol) methanol and 3% (vol/vol) H 2 O 2 for 30 min to quench endogenous peroxidase and then unspecific binding was blocked by incubating the slides in 3% (wt/vol) bovine serum albumin (BSA) with 0.1% Nonidet P-40 in PBS for 1 h. Sections were then incubated with anti-ERβ (1:100; made in our laboratory), anti-Ki67 (1:2,000; Abcam), anti-P63 (1:1,000; Abcam), anti-DACH1 (1:1,000; Abcam), anti-PURα (1:100; Abcam), anti-ERα (1:100; Abcam), anti-PR(1:100; Abcam), anti-MMP9 (1:100; Santa Cruz Biotechnology), anti-MMP13 (1:100; Abcam), anti-MMP14 (1:100; Abcam) at 4°C after blocking nonspecific binding in 3% BSA. BSA replaced primary antibodies in negative controls. After washing, sections were incubated with HRP polymer kit (Biocare Medical; GHP516) for 30 min at room temperature, followed by 3, 3-diaminobenzidine tetrahydrochloride as the chromogen. We stained every fifth slide from 25 consecutive slices i.e., five slices from each mouse. The ImageJ software was used to quantitate levels of immunoreactivity. For statistical analysis of the experimental data, WT mice or vehicle-treated mice were used as standards.
Masson's Trichrome Staining. Sections were dewaxed in xylene, rehydrated and washed in distilled water, then refixed in Bouin's solution for 1 h at 56°C. After rinsing with tap water, sections were stained in Weigert's iron hematoxylin working solution for 10 min. Sections were then rinsed in running warm tap water for 10 min followed by washing in distilled water. Sections were stained in Biebrich scarlet-acid fuchsin solution for 15 min then differentiated in phosphomolybdic-phosphotungstic acid solution for 15 min. Sections were transferred to aniline blue solution and stained for 10 min. After rinsing in distilled water and differentiation in 1% acetic acid solution for 5 min, sections were dehydrated and mounted.
Microarray Data Processing and Analysis. RNA quality was assessed using an Agilent 2200 TapeStation (RIN values 8.3-10). One hundred fifty nanograms of total RNA was prepared from VPs from three WT and three ERβ crispr−/− mice (all 13 mo old) using the RNeasy kit from Qiagen following manufacturer's instructions (Qiagen). The total RNA was used to prepare biotinylated cDNA according to the GeneChip WT Plus Reagent Kit labeling protocol (P/N 902281). Fragmented cDNA was hybridized to mouse Clariom D (MTA 1.0, covering >214,000 coding and noncoding transcripts variants) arrays (Affymetrix) and analysis was performed as described earlier (44) . Genes were filtered for a minimum log 2 change of 1.5 or greater across the samples. Genes were identified as significantly changed if the P value was <0.05.
Serum levels of estradiol and androgen were measured in a single run by GC-MS/MS, as described previously (45) .
Data Analysis. Data are expressed as mean ± SD; statistical comparisons were made by using a one-way ANOVA followed by Newman-Keuls post hoc test. P < 0.05 was considered to indicate statistical significance. 
